The hyperpolarization-activated current I h that is generated by hyperpolarization-activated cyclic nucleotide-gated channels (HCNs) plays a key role in the control of pacemaker activity in sinoatrial node cells of the heart. By contrast, it is unclear whether I h is also relevant for normal function of cardiac ventricles.
H yperpolarization-activated cyclic nucleotide-gated channels (HCNs) are widely expressed in neurons and heart cells. The current produced by these channels, termed I h , plays a fundamental role in controlling excitability and other electric properties of cells. 1, 2 The HCN channel family comprises four members (HCN1 through HCN4). [3] [4] [5] All four isoforms have been identified in the heart. The physiological relevance of cardiac HCN channel expression has been determined for the HCN2 and HCN4 isoforms by analyzing genetic mouse models. 6 -9 There is also initial evidence suggesting a cardiac function of HCN1. Genetic and functional studies strongly indicate that I h carried by HCN4 plays a key role in the generation and autonomous regulation of pacemaker activity in sinoatrial pacemaker cells 6,8,10 -13 and the atrioventricular node of mammals, including humans. 14, 15 HCN2 and HCN1 are expressed at substantially lower levels in the conduction system, but also clearly contribute to the generation of pacemaker potentials.
In contrast to the well-defined role of HCN channels in the cardiac conduction system, the physiological significance of these channels in healthy cardiac ventricle is currently unknown. There are only a few studies dealing with the ventricular function of I h . 3, 16 Most of the work was performed in rat models for ventricular hypertrophy and heart failure. Both conditions lead to an upregulation of ventricular I h . 16 -19 It has been suggested that I h upregulation in the ventricle contributes to spontaneous cellular activity and is implicated in ventricular arrhythmia and sudden cardiac death. 20 An unsolved issue in the HCN channel field refers to the physiological role of the HCN3 channel. Although this channel has been cloned together with the other three HCN channel types in the late 1990s, only very few studies of this channel have been performed since then. So far, only three groups succeeded in expressing HCN3 in heterologous systems. [21] [22] [23] Moreover, unlike for HCN1, HCN2, and HCN4, a murine knockout model is not yet available for this channel. We became interested in HCN3 because our previous work indicated that this channel is present in murine ventricle, suggesting that it may also be relevant for cardiac function. 22 To further address this question, we disrupted the HCN3 gene in mice. Here, we show that HCN3-deficient mice display normal cardiac pacemaker activity. By contrast, these mice have a specific defect in the repolarization of the ventricular action potential (AP) that gives rise to a pathological alteration of the ECG, including an increase in T-wave amplitude and QT duration. Electrophysiological measurements indicate that HCN3 provides a background conductance in cardiac myoyctes that regulates the resting membrane potential and controls the kinetics of repolarization. In conclusion, our study sheds new light on the function of I h in nondiseased ventricle and also identifies the specific role HCN3 plays in this context.
Methods
The HCN3 Ϫ/Ϫ mice were generated using a typical gene targeting approach. For this study, all experiments were performed on global HCN3 Ϫ/Ϫ mice and their wild-type littermates on a mixed C57BL6/ SV129 genetic background. Reverse-transcription polymerase chain reaction, Western blots, immunohistochemistry, telemetric ECG recordings, preparation of cardiomyocytes, and electrophysiological recordings were performed. All substances used were of the highest purity available. The HCN3-specific antibody used in this study has been described previously. 22 Data were subjected to statistical analysis using Origin6.1 software (Microcal). An expanded Methods section is available in the Online Data Supplement (available at http://circres.ahajournals.org).
Results

Generation of HCN3-Deficient Mice
We globally disrupted the HCN3 locus through homologous recombination by a Cre/loxP-based deletion of exon 2, which encodes the first four transmembrane helices of the channel ( Figure 1A ). HCN3-deficient mice (HCN3 Ϫ/Ϫ ) were born at the expected Mendelian ratio, were fertile, and showed no immediately visible behavioral and physical abnormalities. The deletion of the HCN3 gene was confirmed at the level of genomic DNA by Southern blot analysis ( Figure 1B) , and on the protein level using an antibody raised against the C-terminus of HCN3 ( Figure 1C ). 22 Reverse-transcription polymerase chain reaction revealed that HCN3 is expressed in both cardiac atrium and ventricle, whereas it is absent from sinoatrial node tissue ( Figure 1D ). In agreement with the reverse-transcription polymerase chain reaction, low levels of HCN3 protein could be detected using immunohistochemistry in ventricular sections of wild-type mice, whereas the protein was totally absent in the HCN3 Ϫ/Ϫ mice ( Figure 1E ). On gross examination, there was no difference between the hearts isolated from wild-type and HCN3 Ϫ/Ϫ mice. Moreover, sections of hearts prepared from wild-type and HCN3 Ϫ/Ϫ mice were indistinguishable ( Figure 1F ). In particular, there was no evidence for structural changes, such as fibrosis or myofibrillar disarray ( Figure 1G ).
Deletion of HCN3 Affects the ECG and the Epicardial AP
To determine whether the deletion of HCN3 affected the electric activity of the heart, we recorded in vivo telemetric ECGs from free-moving wild-type and HCN3 Ϫ/Ϫ mice (Figure 2) . In continuous measurements over the course of 2 weeks, HCN3 Ϫ/Ϫ mice revealed a regular sinus rhythm with no evidence for spontaneous arrhythmias (Figure 2A ). The mean heart rate also was not different between both genotypes (532Ϯ10 bpm, nϭ9 in HCN3 Ϫ/Ϫ mice; 534Ϯ9 bpm, nϭ9 in wild-type mice). To directly compare heart ratedependent ECG parameters, we analyzed the ECG during episodes of a defined high (600Ϯ10 bpm) and low mean heart rate (460Ϯ12 bpm). At high heart rates, the ECG pattern of the mice was completely normal, including a normal QT interval ( Figure 2B , C). By contrast, at the lower heart rates a slight prolongation of the QT interval (12%; nϭ9) and the T peak -T end interval (15%; nϭ9) was observed in HCN3 Ϫ/Ϫ compared to wild-type mice ( Figure 2D ). In contrast to the rather small difference in QT and T peak -T end intervals, deletion of HCN3 induced a pronounced change in T-wave morphology at low heart rates ( Figure 2E , F). Notably, the T-wave amplitude was increased by 63.5% in HCN3 Ϫ/Ϫ mice as compared to wild-type mice (nϭ9 in each group; Figure 2E , F). Like for the QT interval, the difference in the T-wave amplitude disappeared at high heart rates, although there was a trend for a slight increase in the HCN3 Ϫ/Ϫ mice ( Figure 2F ). Because the T-wave reflects ventricular repolarization, 24 our findings suggested that HCN3 may be involved in this process.
Ventricular repolarization proceeds in a synchronized wave advancing from the base of the heart to its apex and from epicardial to endocardial myocardium. The orderly sequence of repolarization is largely caused by transmural repolarization gradients that arise because the endocardial myocytes have longer AP durations than epicardial myocytes ( Figure 3A ). 25 Thus, the T-wave is generated when endocardial and epicardial APs start to separate from each other during repolarization. To study a potential involvement of HCN3 in this process, we first developed a protocol to isolate endocardial and epicardial myocyctes from adult murine heart. Epicardial cells displayed profoundly higher densities of the I to potassium current than endocardial cells, which are in good agreement with the literature ( Figure 3B and Supplemen- . Having validated the cell isolation procedure, we recorded APs of the two types of cardiomyocytes using the whole-cell patch clamp method ( Figure 3 ). In endocardial myocytes, there was no difference between the AP parameters of HCN3 Ϫ/Ϫ and wild-type mice ( Figure 3C , E). By contrast, the epicardial myocyte AP of HCN3 Ϫ/Ϫ mice was consistently shorter than that of wild-type mice ( Figure  3D , F). The shortening of APs in HCN3 Ϫ/Ϫ mice was caused by changes during late repolarization (APD75 and APD90), whereas the early repolarization was unchanged (APD10 and APD25; Figure 3F ). The resting membrane potential in HCN3 Ϫ/Ϫ mice was slightly shifted to a more hyperpolarized potential as compared to wild-type mice (knockout:
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Ϫ86.86Ϯ0.57 mV; nϭ17; wild-type: Ϫ84.80Ϯ0.59 mV; nϭ8; Pϭ0.036).
HCN3 Forms Background Channels in Ventricular Myocytes
How might the loss of HCN3 lead to the shortening of epicardial APs? To address this question, we measured I h in epicardial cardiomyocytes of wild-type and HCN3 Ϫ/Ϫ mice. At 25 mmol/L extracellular K ϩ , an I h displaying small amplitudes could be readily detected (Supplementary Figure  I) . To allow detailed electrophysiological analysis of ventricular I h , we increased the K ϩ concentration in the extracellular solution to 100 mmol/L. Under this ionic condition, robust I h could be easily detected in both wild-type and knockout cells ( Figure 4 ). The epicardial I h activated on hyperpolarizing voltage steps with sigmoidal kinetics did not inactivate and was blocked by 2 mmol/L Cs ϩ ( Figure 4A , B). Importantly, in HCN3 Ϫ/Ϫ mice the I h density was reduced by approximately 30% (1.13Ϯ0.15 pA/pF; nϭ28) as compared to wild-type mice (1.59Ϯ0.15 pA/pF; nϭ44; Figure 4C ). The remaining I h in HCN3 Ϫ/Ϫ mice ( Figure 4B , C) was most likely carried by HCN1, HCN2, and HCN4, because these subtypes are expressed together with HCN3 in the ventricular muscle ( Figure 4E ). The half maximal activation voltage (V 0.5 ) of I h was slightly more negative in wild-type compared to HCN3 Ϫ/Ϫ mice (wild-type: Ϫ114.0Ϯ1.2 mV; nϭ8; HCN3 Ϫ/Ϫ : Ϫ108.5Ϯ1.8 mV; nϭ6; PϽ0.05). cAMP speeded activation kinetics (not shown) and shifted V 0.5 values by approximately ϩ5 to ϩ10 mV (wild-type: Ϫ105.4Ϯ1.4 mV; nϭ11; PϽ0.01; HCN3 Ϫ/Ϫ : Ϫ103.9Ϯ1.3 mV; nϭ10; PϽ0.05). V 0.5 values in the presence of cAMP were not statistically different between both genotypes (PϾ0.4; Figure  4D ).
The relatively negative values of V 0.5 obtained in epicardial cardiomyocytes may be caused by the high extracellular K ϩ concentration. High K ϩ concentrations have been proposed to induce a hyperpolarizing shift of the activation curve of HCN channels. 26 To clarify this issue, we investigated I h currents in HEK293 cell lines expressing high levels of HCN1, HCN2, HCN3, or HCN4. Increasing the extracellular K ϩ concentration from 5 mmol/L to 100 mmol/L led to a pronounced increase in current densities ( Figure 5A, B) . Importantly, at physiological K ϩ levels (5 mmol/L) the steady-state activation curve of HCN3 was significantly more positive than at high K ϩ concentrations ( Figure 5C, D) . A similar correlation between V 0.5 values and extracellular K ϩ concentration was observed for HCN1, HCN2, and HCN4, respectively. Analysis of the HCN3 activation curve indicated that a substantial fraction of these channels (Ϸ25%-30%) is open at the resting membrane potential (Ϫ85 mV) of cardiomyocytes (gray box in Figure 5C ). This observation is in good agreement with the finding that resting membrane potential is somewhat more negative in HCN3 Ϫ/Ϫ mice as compared to wild-type mice. We next determined the reversal potential of HCN3 by measuring the voltage-dependence of the fully activated channel. At 5 mmol/L extracellular K ϩ , HCN3 currents, like those passed by HCN1, HCN2, and HCN4, reversed at approximately Ϫ35 mV ( Figure 5F ). Thus, at potentials more negative than Ϫ35 mV, which are present for more than 90% of the repolarization phase of the AP, the HCN3 current is depolarizing and, hence, could potentially counteract hyperpolarizing K ϩ currents. However, this scenario is only valid if HCN3 channels do not deactivate during the time course of an AP. To verify this precondition we determined the time course of HCN channel deactivation during 9-second pulses ( Figure 5G, H) . We found that all four HCN channel isoforms deactivate slowly. However, HCN3 . B, I to recorded from epicardial and endocardial myocytes isolated from wild-type (Endo: nϭ16; Epi: nϭ26) and HCN3 Ϫ/Ϫ mice (Endo: nϭ12; Epi: nϭ20). C and D, AP recording from isolated endocardial (C) and epicardial myocytes (D) of wild-type (black trace) and HCN3 Ϫ/Ϫ mice (red trace). E, AP duration (APD) at 10%, 25%, 50%, 75%, and 90% repolarization (APD10 , APD25, APD50, APD75, and APD90) in endocardial myocytes are indicated for wild-type (black bars; nϭ12) and HCN3 Ϫ/Ϫ mice (white bars; nϭ6). F, APD parameters are shown for epicardial cells of wild-type (black bars; nϭ26) and HCN3 Ϫ/Ϫ mice (white bars; nϭ43). All values are given in ms as meanϮstandard error of the mean. **PϽ0.01; ***PϽ0.005. displayed by far the slowest deactivation kinetics. We calculated that more than 90% of HCN3-mediated current remains after 1 second ( Figure 5H ). Because HCN3 does not inactivate and displays ultraslow deactivation kinetics that are several orders of magnitudes slower than the durations of the AP and the ECG complex ( Figure 6A ), it is expected to stay open during normal cardiac activity. In conclusion, our data indicate that HCN3 passes approximately 30% of ventricular I h . Because of its nondeactivating nature, this current serves as efficient antagonist of K ϩ currents during late repolarization ( Figure 6A, B) . Loss of HCN3 relieves this antagonistic activity and, hence, leads to the shortening of the ventricular AP waveform.
Given the slow deactivation kinetics of all four HCN channel isoforms, we were wondering whether the effect observed in the HCN3 Ϫ/Ϫ mouse is generally valid across the HCN channel family. If so, then we should be able to see similar changes in the AP waveform in epicardial myocytes of other HCN-deficient mice. We decided to perform the experiments using the HCN1 Ϫ/Ϫ mouse because the HCN1 expression is equally low as HCN3 ( Figure 4E ), and because HCN1 channels deactivate only moderately faster than HCN3 and deactivate considerably slower than HCN2. In AP recordings in epicardial myocytes, principally the same AP changes were present in the HCN1 Ϫ/Ϫ mouse as in the HCN3 Ϫ/Ϫ mouse ( Figure 7A, B ).
Membrane Resistance Increases During Late Repolarization
The functional impact of individual currents on the time course of the AP critically depends on the time course of the membrane resistance (R m ). To address this important issue, we estimated R m in epicardial ventricular myocytes isolated from wild-type mice at various time points during repolarization by a modified protocol [27] [28] [29] [30] (Supplementary Figure  IV) . We found that during late repolarization, R m dramatically increases up to 1.8Ϯ0.4 G⍀ (at Ϫ54.1Ϯ2.4 mV; nϭ7), which is more than 40-times higher than during early repo- larization (inset, Supplementary Figure IVF) . This observed increase of R m is within the range predicted by modeling studies for murine ventricular myocytes 31 and also matches the R m values experimentally determined for ventricular myocytes of the guinea pig. 32
HCN3 ؊/؊ Mice Do Not Display Compensatory Ion Channel Remodeling
To exclude the possibility that the expression levels of other ion channels or proteins that contribute to AP shaping are altered in response to the global deletion of HCN3, we performed a microarray analysis of epicardial ventricular cardiomyocytes ( Supplementary Tables I and II ). The data show that the transcripts for the major depolarizing and repolarizing ion channels are unchanged in the HCN3 Ϫ/Ϫ mice. This finding indicates that compensatory remodeling or changes in gene expression profile are not a relevant issue in the HCN3-deficient heart.
In addition to the gene expression data, we performed electrophysiological recordings of the major ionic currents in epicardial ventricular myocytes of wild-type and HCN3 Ϫ/Ϫ mice. We found no differences in current densities of I to , I Na , I Ca , I Kss , and I K1 between the two groups ( Figure 3B , Figure  8A -D, Supplementary Figures II and III) .
Discussion
Among the four HCN channel types, HCN3 by far is the least investigated. Although the channel has been detected in neurons and the heart, profound difficulties in functionally expressing this protein in heterologous systems and, in particular, the lack of a genetic mouse model prevented analysis of its physiological significance. In this study, we have generated HCN3-deficient mice to investigate the specific role of this channel in the heart. Unlike the other three HCN channel types, HCN3 was not detectable in sinoatrial node, which is consistent with the absence of defects in principal rhythm generation in these mice. By contrast, we identified HCN3 in ventricular muscle and provide clear evidence for an important role of HCN3 channels in the ventricular myocardium. Our data imply that HCN3 contributes to the resting membrane potential and acts as a functional antagonist of hyperpolarizing K ϩ currents in late repolarization. Lack of this activity leads to a shortening of AP duration. This effect was specifically observed in epicardial myocytes, whereas it was absent in endocardial cells. The reason for this cell-type specificity remains to be determined.
Figure 6. A, Time course of hyperpolarization-activated cyclic nucleotide-gated (HCN) 3 deactivation at different potentials after maximal activation (upper panel) and ECG
trace of wild-type mice illustrating the fast heart rate in the mouse. HCN3 deactivation is several orders of magnitude slower than the heart rate. B, Model illustrating the ventricular function of HCN3. Top, Epicardial action potential of wild-type (gray trace) and HCN3 Ϫ/Ϫ mice (red trace). Bottom, Schematic of the fully activated current voltage relation of ventricular I h from wild-type (gray) and HCN3 Ϫ/Ϫ mice (red). During late repolarization at membrane potentials negative of Ϫ35 mV, a strong inward driving force drives a depolarizing current through HCN3 channels that prolongs the action potential in the wild-type. Lack of this current in HCN3 Ϫ/Ϫ mice shortens the action potential. Figure 7 . Hyperpolarization-activated cyclic nucleotidegated (HCN) 1 ؊/؊ mice have shorter action potentials in epicardial ventricular myocytes than wild-type mice. A, Action potential recordings from isolated epicardial myocytes of wildtype (black trace) and HCN1 Ϫ/Ϫ mice (red trace). B, Action potential duration at 10%, 25%, 50%, 75%, and 90% repolarization in epicardial myocytes of wild-type (black bars; nϭ26) and HCN1 Ϫ/Ϫ mice (white bars; nϭ16). However, cell-type specificity is probably not caused by differential expression because we can detect HCN3 along with HCN1, HCN2, and HCN4 in epicardial as well as in endocardial myocytes ( Figure 4E ). In a broader context, our finding that HCN3 regulates late repolarization may also relate to other HCN channel types that are expressed together with HCN3 in myocardium and share with this channel some basic electrophysiological properties, particularly slow deactivation kinetics and a reversal potential of approximately Ϫ35 mV. In agreement with this hypothesis, we find that HCN3 passes only approximately 30% of the ventricular I h , suggesting that the residual 70% are evoked by HCN1, HCN2, and HCN4. Moreover, our analysis of the HCN1deficient epicardial cardiomyocytes revealed a similar shortening of the repolarization phase of the AP as observed for HCN3-deficient myocytes. In conclusion, these findings point to a general role of HCN channels in epicardial repolarization.
There are few points that have to be considered with respect to our model of HCN channels as functional antagonists of repolarizing K ϩ currents. For example, one may argue that it is not the deletion of HCN3 per se but rather compensatory upregulation or downregulation of other ion channels that underlies the shortening of epicardial APs. However, our microarray-based profiling of gene expression pattern in HCN3-deficient cardiomyocytes strongly argues against such an explanation because it does not provide evidence for significant changes in the expression levels of ion channels contributing to cardiac AP. In line with this finding we also found no evidence for changes in major currents such as I Na , I Ca , I to , I Kss , and I K1 , which are involved in cardiac AP formation. Finally, we also found a shortening of epicardial APs in HCN1 Ϫ/Ϫ mice, which further supports our concept of HCN channels as being involved in cardiac repolarization.
The second point refers to the finding that only the late repolarization phase is affected by HCN3 deletion. This observation may be explained by the fact that early repolarization is dominated by large-amplitude I to , which simply may outweigh small-amplitude I h . 33 Moreover, in early repolarization I h is rather hyperpolarizing than depolarizing. By contrast, in late repolarization I to is inactivated and its driving force and open probability have decreased, allowing I h to unfold its full impact. 34 -36 The third issue to consider is the question whether the relatively small current density of the HCN3-mediated current is quantitatively sufficient to explain the shortening of late repolarization in HCN3 Ϫ/Ϫ cardiomyocytes. First, we demonstrate that the HCN1 Ϫ/Ϫ mouse displays the same qualitative change of the late repolarization as the HCN3 Ϫ/Ϫ mouse. Second, under our recording conditions the current amplitude of the HCN3-specific fraction of ventricular I h was approximately 0.5 pA/pF ( Figure 4C ). The actual current density could be substantially higher given that Ba 2ϩ that was present in the bath solution partially blocks I h (up to 50% block of HCN1 and HCN2 for 3 mmol/L Ba 2ϩ ). 37 Moreover, current densities below the detection limit have been reported for ventricular I Ks 38 to be sufficient to modulate ventricular repolarization. As mentioned, small-amplitude I h becomes relevant during late repolarization when I to gets inactivated. We find that the membrane resistance is high in late repolarization. This is in line with experimental studies in larger animals 32 and with simulation experiments in the mouse. 31 Because the membrane resistance during late repolarization is rather high, 31,32,39 -42 it is conceivable that even a small current could have a marked effect on the AP duration. 38,43 I h is constitutively open at the resting membrane potential and during the entire time course of the AP. Thus, I h exerts a cumulative depolarizing effect that significantly prolongs late repolarization when the driving force successively increases.
Finally, it is important to discuss the correlation between the changes in AP repolarization and the ECG wave form in the HCN3 Ϫ/Ϫ mouse. Short differences of transmural AP durations have been shown to generate a voltage gradient that is reflected in the ECG as the T-wave. 25 A preferential shortening of epicardial APs in HCN3 Ϫ/Ϫ mice with unchanged APs in endocardial myocytes increases this difference. The faster repolarization rate in epicardial as compared to endocardial myocytes could explain the markedly increased T-wave amplitude. 24 The mechanism underlying the slight prolongation of the QT interval of HCN3 Ϫ/Ϫ mice is unclear at the moment and remains to be elucidated. It is important to note that this difference was pronounced at low heart rates, whereas it was blunted at high heart rates. This finding simply can be explained by upregulation of I h by cAMP at high heart rates. We find that intracellular cAMP increases I h densities in HCN3 Ϫ/Ϫ mice to nearly the same current level as observed in wild-type mice (wild-type: 1.41Ϯ0.15 pA; nϭ42; HCN3 Ϫ/Ϫ : 1.42Ϯ0.17 pA; nϭ35). This result is similar to the observation that intracellular cAMP increases I h in single sinoatrial node cells of HCN2 Ϫ/Ϫ mice to the same level as in wild-type mice. 7 This observation might point to a universal paradigm in HCN channel physiology that stimulation by cAMP might at least to some extent compensate for differences in HCN current amplitudes.
Repolarization gradients exist in all mammalian species and play a critical role in normal heart function. 25 Both increased and decreased heterogeneity of repolarization result in higher susceptibility to ventricular arrhythmia. 44 We show that I h reduces AP dispersion in wild-type hearts. Deletion of HCN3 leads to an augmented dispersion. The lack of spontaneous arrhythmia in HCN3-deficient mice suggests that the loss of HCN3 alone does not increase the transmural dispersion enough to induce arrhythmia. Future studies will show if deletion of HCN1, HCN2, or HCN4, which together with HCN3 generate ventricular I h , are associated with cardiac arrhythmia through such a mechanism.
The specific role of HCN channels as functional antagonists of late repolarization may also be physiologically important for the human heart function. These channels do not close during the entire AP because AP duration is much shorter than the time required for channel closure. This is also true for the human AP waveform, at least at low heart rates. Human epicardial cells have an AP duration of approximately 250 to 400 ms in isolated cell experiments depending on the stimulation frequency. 45, 46 In the intact heart, the APDs are even shorter; 250 to 400 ms is quite short in relation to the extremely slow deactivation of HCN3 at depolarized poten-tials. After this time, Ͼ90% of the channels are still open ( Figure 5G, H) . Given this scenario, it is very likely that in human epicardial myocytes HCN3 (and HCN1) also play an important role for the repolarization process, at least at low heart rates. Furthermore, the role of HCN channels for late repolarization also could be relevant under pathophysiological conditions. There are numerous studies reporting overexpression of HCN channels during ventricular hypertrophy and heart failure. 16 -19 These studies suggest that I h upregulation mainly contributes to spontaneous cellular activity and ectopic rhythm formation. 20 In this context, it is important to note that a marked prolongation of AP duration also was reported in several studies. 47, 48 This prolongation has been attributed to a parallel decrease of repolarizing transient outward current I to . Our study suggests that upregulation of I h also could lead directly to the prolongation of the AP by efficiently antagonizing repolarizing K ϩ currents. 
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